Abstract. The assessment of water balance components using global hydrological models is subject to climate forcing uncertainty as well as to an increasing intensity of human water use within the 20th century. The uncertainty of five state-of-the-art climate forcings and the resulting range of cell runoff that is simulated by the global hydrological model WaterGAP is presented. On the global land surface, about 62 % of precipitation evapotranspires, whereas 38 % discharges into oceans and inland sinks. During 1971-2000, evapotranspiration due to human water use amounted to almost 1 % of precipitation, while this anthropogenic water flow increased by a factor of approximately 5 between 1901 and 2010. Deviation of estimated global discharge from the ensemble mean due to climate forcing uncertainty is approximately 4 %. Precipitation uncertainty is the most important reason for the uncertainty of discharge and evapotranspiration, followed by shortwave downward radiation. At continental levels, deviations of water balance components due to uncertain climate forcing are higher, with the highest discharge deviations occurring for river discharge in Africa (−6 to 11 % from the ensemble mean). Uncertain climate forcings also affect the estimation of irrigation water use and thus the estimated human impact of river discharge. The uncertainty range of global irrigation water consumption amounts to approximately 50 % of the global sum of water consumption in the other water use sector.
Introduction
The interest in global-scale water resources assessments has increased in the last two decades. There has been an increasing number of publications in this field (Web of Science, topic "global scale" AND "water resources ", 1981-1990: 0 entries; 1991-2000: 6 entries; 2001-2010: 64 entries; 2011-2015: 85 entries) , and a number of global hydrological models (GHMs) have been developed (Bierkens, 2015) . The UN and other international organizations require globalscale information on water resources and their use, e.g. UN-ESCO's World Water Assessment Programme (www.unesco. org/water/wwap) or the Transboundary Waters Assessment Programme (TWAP, http://www.geftwap.org/twap-project), which can only be provided by modelling approaches due to a lack of observations with global coverage. Such modelbased assessments require meteorological variables as climate forcing input. Currently, a number of state-of-the-art global-scale climate forcings are available that are all based on weather models and differ in terms of methodology including the underlying reanalysis and in terms of observation data used for bias correction. Different climate forcings result in large differences in simulated water fluxes and states as has already been shown by Biemans et al. (2009) for precipitation uncertainty and by Müller regarding the uncertainty caused by two climate forcings that differ with respect to other climate variables. Analyses of the impact of different climate forcings are currently the focus of Humans increasingly influence the water cycle through water abstractions (Oki and Kanae 2006) , in particular for irrigation (e.g. Siebert et al., 2015) but also for other purposes like thermal power plant cooling, manufacturing, livestock production and domestic sectors (Flörke et al., 2013) . Quantification of sectoral water abstractions and consumptive water use (also called water consumption, the amount of the abstracted water that evapotranspires during human water use or is incorporated in products), and in particular of the source of water, is highly uncertain due to lack of data . In some regions, irrigation by groundwater leads to groundwater depletion problems (Döll et al., 2014a; Wada, 2016) , and it has been estimated that in groundwater depletion areas, farmers irrigate with only 70 % of the optimal amount of water (Döll et al., 2014a) .
Given the large uncertainties, we aim to answer the following research questions by using the Water Global Assessment and Prognosis (WaterGAP) GHM in its version 2.2 (ISIMIP2a):
1. How does climate forcing affect computed runoff at the grid-cell level?
2. How does climate forcing uncertainty and human water use affect long-term average water balance components (including human water use) on global and continental scales?
In Sect. 2 we briefly present the model and climate forcings used in this study. Results are presented and discussed in Sect. 3. The paper ends with a conclusion (Sect. 4), where we answer the research questions, followed by an outlook.
Data and methods
The global water availability and water use model WaterGAP (Alcamo et al., 2003; Döll et al., 2003; Müller Schmied et al., 2014) was applied using version WaterGAP 2.2 (ISIMIP2a).
The main model characteristics of version 2.2 are described in Müller , and the differences to the ISIMIP2a version are described in Müller Schmied et Long-term (1971 Long-term ( -2000 average net cell runoff of the model variants, displayed as absolute numbers for GSWP3 (a) and differences to the other forcings, computed as PGFv2 minus GSWP3 (b), WFD minus GSWP3 (c), WFD_WFDEI minus GSWP3 (d) and WFDEI_hom minus GSWP3 (e). Negative values in (a) indicate that water inflow into cell from upstream and by precipitation is larger than outflow due to evaporation from surface water bodies. All units in mm yr −1 .
al. (2016) . WaterGAP has a spatial resolution of 0.5 × 0. 
Results and discussion

Global runoff at grid-cell level
Net cell runoff (computed as outflow minus inflow of each grid cell) differs considerably between the different climate forcing datasets (Fig. 1 ). This can be attributed to large differences between climate forcings at grid-cell level, in particular with respect to precipitation. Different observational datasets are used to bias-correct P (PGFv2 based on CRU and the others based on different versions of GPCC). This results in large differences (in both directions) at the regional scale for South America and South East Asia. Obviously, the unequal P gauging networks underlying the observational datasets and/or varying regionalization approaches lead to the large differences. In addition, PGFv2 is not corrected for undercatch of solid precipitation (J. Sheffield, personal communication, 2015) while all other datasets are. As undercatch correction (e.g. Adam and Lettenmaier, 2003) leads to the highest P increases in northern (snow-dominated) latitudes, P (and consequently net cell runoff) is lower for PGFv2 (red areas in the northern latitudes in Fig. 1b) .
The main reason for the large discrepancies between GSWP3 and WFD in equatorial regions (Fig. 1c) is attributable to systematically smaller SWD (Fig. A3c) in energy-limited areas for the WFD dataset. This effect is lessened in the combined WFD_WFDEI dataset (Fig. 1d) and even more in the homogenized forcing WFDEI_hom (Fig. 1e) , as WFDEI shows systematically higher SWD than WFD. The higher SWD in parts of Asia, western Africa and Australia (Fig. A3d, e) does not influence net cell runoff significantly because these regions are water-limited: evaporation and runoff are mainly controlled by precipitation and not by available energy. In many regions where SWD is in- creased, LWD is decreased (and vice versa), which reduces the effect on net radiation. T effects model results via the equation for potential evapotranspiration (Priestley and Taylor, 1972) , via snow dynamics as well as the leaf area index model that affects canopy evaporation (details in Müller Schmied et al., 2014). As T differs only little between the forcing datasets (Fig. A2) , effects of T differences on simulated net cell runoff are expected to be relatively small.
Continental water balance components
Figure 2 displays the continental-scale partitioning of precipitation into actual evapotranspiration AET, river discharge Q, and human water consumption WCa. South America and Africa have nearly the same absolute amount of AET, but values for Q differ strongly. As a consequence of extensive irrigated agriculture especially in India and China (Siebert et al., 2015) , the highest water consumption occurs in Asia, where 2.5 % of precipitation is evapotranspired, mainly due to irrigation. For the other continents, water consumption plays -relative to the other water balance components -only a marginal role. The lowest runoff coefficient (Q/P ) is found in Africa (0.21), whereas runoff coefficients vary between 0.34 (Oceania) and 0.47 (Europe) for the other continents. Hence, differences in P result in higher relative uncertainties of estimated water resources for Africa. The deviation from the mean continental value for Q among the climate forcings is between −5.9 (calculated as min Q / mean Q) and 10.9 % (max Q / mean Q) for Africa, whereas for all other continents deviations are lower (−5.4 and −2.2 as minimum Q, 2.5-5.0 % as maximum Q).
Global water balance components
Compared to the continental-scale deviation of water balance components, the impact of climate forcing uncertainty is levelling out at the global scale to a certain degree (Table 2). Global runoff coefficients vary between 0.362 and 0.381, and deviation of global Q from the ensemble mean is −3.8 to 3.7 %. Actual evapotranspiration is estimated to range between 61.1 and 63.0 % of global P ( Table 2 ). The lowest value for AET (and highest value for Q) is computed when using WFD climate forcing. Here, average global SWD is 15 W m −2 lower compared to the other forcings (see also Müller Schmied et al., 2016, their Fig. 1 ). In absolute numbers, differences in AET and Q resulting from the five climate forcings are considerable. For example, global discharge values range from 39 200 to 42 200 km 3 yr −1 : the uncertainty range is equal to thrice the total water consumption (∼ 930 km 3 yr −1 ). On the global scale, sectoral water uses have strongly increased since 1901 (Fig. 3) . Whereas overall water abstractions (consumptive use) are about 650 (260) Fig. 1) , where water consumption of each climate forcing is presented using different time step aggregations, Fig. 3 shows the proportion of potential (if water were available without limitation) consumptive water use components (light colours) and the amount of return flows (dark colours). The most important water use sector regarding both abstraction and consumption is the irrigation sector. The sum of potential water consumption of all water use sectors (except irrigation) throughout the period 1971-2000 is 112 km 3 yr −1 , whereas the sums of potential irrigation water consumption vary between 834 and 894 km 3 yr −1 depending on the climate forcings. Together with the other potential water uses (manufacturing, cooling of thermal power plants, domestic and livestock sector), the demand of consumptive water uses ranges from 946 to 1006 km 3 yr −1 . Due to limited water availability to satisfy the demand, actual water consumption (WCa) ranges between 915 (WFD) and 960 (PGFv2) km 3 yr −1 (all numbers 1971-2000) . Hence, water availability reduces the impact of climate forcing uncertainty when modelling water use demand. The uncertainty range of estimated global irrigation water consumption due to the climate forcing is therefore about 50 % of the sum of all the other water use sectors.
Conclusions
Within this study, the WaterGAP 2.2 (ISIMIP2a) model was used to assess water balance components on grid-cell, continental and global scale as well as the development of human water use on the global scale. The research questions can be answered as follows:
On the grid-cell level, the effect of climate forcing uncertainty on computed runoff is very large. In particular, usage of different observation-based products to bias-correct reanalysis data affects the spatial distribution of runoff. Furthermore, undercatch correction (or the lack thereof) of P leads to differences in model estimates. Whereas T uncertainty does not lead to clearly visible spatial differences in computed runoff, SWD uncertainty was found to have a large impact in energy-limited regions like tropical Africa. For water-limited areas, this is not the case.
2. How does climate forcing uncertainty and human water use affect long-term average water balance components on global and continental scales?
Climate forcing uncertainty is high (Figs. A1-A4 ), and most important are differences in P and SWD. At the continental scale, these uncertainties lead to large differences in calculated water balance components, in particular in regions with high P uncertainty and low runoff coefficient (e.g. Africa). Global-scale values vary less in relative terms as deviations even out with spatial aggregation. The uncertainty range of estimated global irrigation water consumption due to uncertain climate forcing is around 50 % of the water consumption in the other water use sectors. Multi-model hydrological assessments as done by the ISIMIP initiative for both historical periods (e.g. Haddeland et al., 2011) and future scenarios (e.g. Schewe et al., 2014) will help to relate the uncertainties of water balance components at different scales of aggregation that are caused by different climate forcings to uncertainties due to the hydrological models themselves. To constrain both types of uncertainty, model calibration not only of mean annual river discharge (as done for the WaterGAP model) but also of remote-sensing-based data like total water storage variations from GRACE (Eicker et al., 2014; Döll et al., 2014b Döll et al., , 2016 ) is promising, but collection and sharing of in situ data remains crucial (Fekete et al., 2015) .
Data availability
The WaterGAP output will become freely available to the public within the framework of the ISIMIP project phase 2a, but it is not yet clarified where the data will be hosted (please check https://www.isimip.org/outputdata/ for updates). The homogenized climate forcing WFDEI_hom is not included within the ISI-MIP project. All model outputs used in this study are available on request from the corresponding author. Figure A3 . Long-term (1971 Long-term ( -2000 average shortwave downward radiation of the model variants, displayed as absolute number for GSWP3 (a) and differences to the other forcings, computed as PGFv2 minus GSWP3 (b), WFD minus GSWP3 (c), WFD_WFDEI minus GSWP3 (d), and WFDEI_hom minus GSWP3 (e). All units in W m −2 . Figure A4 . Long-term (1971 Long-term ( -2000 average longwave downward radiation of the model variants, displayed as absolute number for GSWP3 (a) and differences to the other forcings, computed as PGFv2 minus GSWP3 (b), WFD minus GSWP3 (c), WFD_WFDEI minus GSWP3 (d), and WFDEI_hom minus GSWP3 (e). All units in W m −2 .
